
The EMBO Journal vol.10 no.8 pp.2279-2289, 1991

Murine genes related to the Drosophila AbdB homeotic
gene are sequentially expressed during development of
the posterior part of the body
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The cloning, characterization and developmental
expression patterns of two novel murine Hox genes,
Hox4.6 and Hox4.7, are reported. Structural data allow
us to classify the four Hox4 genes located in the most
upstream (5') position in the HOX4 complex as members
of a large family of homeogenes related to the Drosophila
homeotic gene Abdominal B (AbdB). It therefore appears
that these vertebrate genes are derived from a selective
amplification of an ancestral gene which gave rise, during
evolution, to the most posterior of the insect homeotic
genes so far described. In agreement with the structural
colinearity, these genes have very posteriorly restricted
expression profiles. In addition, their developmental
expression is temporally regulated according to a
cranio-caudal sequence which parallels the physical
ordering of these genes along the chromosome. We
discuss the phylogenetic alternative in the evolution
of genetic complexity by amplifying either genes or
regulatory sequences, as exemplified by this system in
the mouse and Drosophila. Furthermore, the possible role
of 'temporal colinearity' in the ontogeny of all coelomic
(metamerized) metazoans showing a temporal antero-
posterior morphogenetic progression is addressed.
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Introduction
The mammalian genome contains -40 members of the
'Hox' gene family (for references see Kessel and Gruss,
1990; Simeone et al., 1990a,b). These genes are clustered
in four complexes (HOX-1, -2, -3 and -4) and encode
proteins (homeoproteins) harbouring a homeodomain related
to that present in the Drosophila homeotic genes (see Scott
et al., 1989 for references and review). Homeoproteins are
likely transcription factors (e.g. Desplan et al., 1988; Hoey
and Levine, 1988; Otting et al., 1988) involved in key
control morphogenetic events such as instructing various
cells regarding their positions and fates along the major body
axes (e.g. Gaunt et al., 1988; Holland and Hogan, 1988;
Kessel and Gruss, 1990). Though the target genes of such
homeoproteins are not yet known, it is believed that various
combinations of such proteins could differentially affect
the regulation of the same or different genes located
'downstream' in developmental pathways. Recent results
obtained by introducing perturbations in such homeoprotein
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combinations support this hypothesis (Balling et al., 1989;
Kessel et al., 1990).
DNA and protein sequence comparisons between Hox

genes suggest that gene duplication generated, during
evolution, the ancestral Hox complex which was in turn
duplicated to give rise to the multicomplex organization
reported in most of the vertebrate species studied so far (e.g.
Acampora et al., 1989; Duboule and Dolle, 1989; Graham
et al., 1989; Kappen et al., 1989). These large-scale
duplication steps may not have occurred in arthropods since
Drosophila contains only one copy of such an ancestral
complex. In this case, it appears that this complex was split
to give rise to the two known Bithorax and Antennapedia
homeotic gene complexes (BX-C; ANT-C; Lewis, 1978;
Kaufman et al., 1983), whereas other arthropods such as
beetles may still have a unique cluster of homeotic genes
(Beeman, 1987). It thus becomes clear that this family of
genes has been strictly conserved during evolution in most,
if not all animal species that show an antero-posterior (AP)
asymmetry (reviewed in Akam, 1989).
A detailed study of the expression domains of these various

genes during the development of both Drosophila and mam-
mals further demonstrates their phylogenetic linkage and sug-
gests a possible conservation of some of their functional
features. The order of the expression domains of the rodent
Hox genes along the developing AP axis (Gaunt et al., 1988;
Duboule and Dolle, 1989; Graham et al., 1989), like the
order of the structures specified by the Drosophila homeotic
genes (Lewis, 1978; Harding et al., 1985), is colinear
with the arrangement of these genes along the clusters.
Consequently, the most 3'-located genes are those expressed
most anteriorly in the vertebrates or those determining the
most anterior-located structures in Drosophila (Akam, 1989).
These genes are members of the labial-like family (lab in
Drosophila, Mlodzick et al., 1988; Hox-J. 6 and -2.9 in the
mouse, Baron et al., 1987; Murphy et al., 1989; Wilkinson
et al., 1989; Frohman et al., 1990). Similarly, it was
expected that those vertebrate genes which are cognates of
the most posteriorly expressed Drosophila homeotic gene,
the Abdominal B gene (AbdB; Sanchez-Herrero et al., 1985;
Tiong et al., 1985; Casanova et al., 1987), would be
expressed in the most posterior parts of the developing body.
Interestingly, however, these genes (the AbdB-like genes;
Hox-4.4, Duboule and Dolle, 1989; Hox-2.5, Bogarad et
al., 1989; Graham et al., 1989; Hox-J. 7, Rubin et al., 1987;
and Hox-3.2, Erselius et al., 1990) did not reveal an extreme
posterior expression pattern but rather suggested an
involvement in the ontogeny of 'intermediate' structures.
Therefore it seemed likely that additional genes, exhibiting
a more posterior expression pattern, should be present in
the 5' extremity of the HOX-4 complex. This proved to be
the case with the identification of the Hox-4. 5 gene (Duboule
and Dolle, 1989). Upon further characterization and clon-
ing of this 5' region, we have now identified two additional
genes (Hox-4. 6 and -4.7) located at more upstream positions
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in the HOX-4 complex, and there are thus at least three genes
in this complex which could not be aligned with the Droso-
phila homeotic gene complexes (see Figure 2). We have
addressed the origin of these genes, their possible functions
as the vertebrate most 'posterior' Hox genes, and their
counterparts in Drosophila.

In this paper we show that these genes are indeed very
posteriorly expressed in agreement with the structural
colinearity. We also demonstrate that these genes are
temporally and sequentially activated shortly after the
establishment of the embryo AP axis, which allows us to
extend the principle of 'temporal colinearity', observed
during limb morphogenesis (Dolle et al., 1989), to the
development of structures along the major body axis. With
respect to phylogeny, we show that all these genes are
derived from an amplification of an original vertebrate gene
cognate of the Drosophila AbdB homeotic gene. Thus, in
the course of evolution, additional duplications of the most
posterior gene in the ancestral HOX/HOM complex occurred
in the vertebrates, most likely to increase the information
required in parallel with the differential specification of the
most posterior metameres. This may represent a phylogenetic
alternative to the presence, in Drosophila, of multiple
posterior parasegment-specific cis-regulatory elements which
control the expression of the AbdB gene.

Results
Cloning and primary structures of Hox-4.6 and
Hox-4. 7
The Hox-4. 6 and -4.7 genes (formerly called Hox-5. 5 and
-5.6, see Duboule et al., 1990) were isolated by chromosome
walking along the 5' part of the HOX-4 complex. Their
locations within this complex and direction of transcription
are depicted in Figure 1. The positions of these two novel
genes relative to the other members of the Hox network (as
judged by the alignment of the various complexes) are shown
in Figure 2. This scheme illustrates the fact that the Hox-4. 6
and -4.7 genes (as well as Hox-4.5) are located upstream

of the AbdB-like subfamily and therefore cannot be aligned
with a Drosophila counterpart, unlike the other Hox genes.
Though no murine gene cognates of these 'upstream' genes
have yet been reported in the HOX-1, -2 or -3 complexes,
their presence in the human HOX1 and HOX3 (e.g.
Acampora et al., 1989) strongly suggests their existence
in rodents.
Our interest was raised concerning the phylogenetic origin

of these novel genes and thus their complete coding
sequences were established from various cDNA and genomic
clones. Only partial cDNA clones were obtained and the
sequences were thus completed with genomic DNA. In both
cases, a unique mRNA species was seen by Northern blot
analysis using fetal mRNAs from either limbs or posterior
carcass; - 2 kb and - 2.5 kb in size for Hox-4. 6 and -4. 7,
respectively (not shown). The general structures of the
Hox-4. 6 and -4. 7 proteins fit well with those of the classical
vertebrate homeoproteins. In both cases, the proteins are
encoded by two exonic sequences separated by rather small
introns (Figures 1 and 3A and B). The homeodomain is
located in the second exon and protein termination occurs
soon after the C-terminal end of the homeodomain (+ 8 for
Hox-4. 7; + 12 for Hox-4. 6). Both proteins terminate after
a leucine residue (Leu) followed by an aromatic tyrosine
(Tyr) or phenylalanine (Phe) residue. The upstream exons
are very GC rich and therefore encode a high number of
proline (Pro), glycine (Gly) and alanine (Ala) residues
(Figure 3A and B). The Hox-4. 6 protein is slightly larger
than that of Hox-4. 7 (323 amino acids versus 275) due to
the presence in the former of large stretches of poly(Gly)
and poly(Ala) (21 Gly, 13 Ala; boxed in Figure 3B).
Homologous proteins have been cloned from the newt
(Hox-4. 6, J.Brockes, personal communication) and from the
chicken (Hox-4. 7, S.Mackem and K.Mahon, personal com-
munication; Hox-4. 7and -4.6, our unpublished data). In the
case of Hox-4. 7, two donor splice sites are present. The use
of the first site (first black triangle in Figure 3A) was
illustrated by the isolation of a chicken cDNA clone
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Fig. 1. Molecular organization of the murine HOX-4 complex on mouse chromosome 2 (Featherstone et al., 1988). About 70 kb of DNA are shown
containing six genes (from Hox-4.2 to -4.7). The Hox-4.1 gene is located further downstream. These genes are transcribed from left to right (5'-3')
and some of the restriction sites are indicated. The bottom lines are enlargements of genomic subregions containing the Hox-4. 7 and -4.6 genes, from
left to right, respectively. The RNA (solid lines) and protein coding (open rectangles) sequences are indicated below with the positions of intronic
regions. The stippled boxes are the homeoboxes (homeodomains) whereas the rectangles above indicate the clones used for in situ hybridizations (see
Materials and methods). E, EcoRI; B, BamHI; K, KpnI; P, PstI; X, XoI; A, AccI.
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(S.Mackem and K.Mahon, personal communication). The
second site, also occurring at a glycine residue (second black
triangle in Figure 3A), if used, would allow an extended
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Fig. 2. The alignment of the Drosophila homeotic gene complexes
Bithorax (BX-C) and Antennapedia (ANT-C) and the four murine
HOX complexes is shown. Arrows phylogenetically link the two gene
families. The locations of the murine genes Hox-4.5, -4.6 and -4.7 are
emphasized by the black box. The corresponding large arrow and the
question mark illustrate the fact that these genes are lying outside the
possible alignment between these families raising the question of their
evolutionary origin as well as their possible existence in insects.

A
ccogtcGtcGtattggttgctaaatactgtttggacacagcogagwccctttgttng
ATS TOT GAG COC AGT CTC TAC Aa OCT OOC TAT aTG GOC TCG CTT CTG AAT

1 Not Cys Olu Arg Sr Lou Tyr Arg Al Oly Tyr Va1 Gly Ser Lou Lou Man
TTA CMo TCa COO GAC TCT TTC TAC TTT TCC AAC CTG aGa GCC AaT GOC aMC

16 LOU GiA S-r Pro Asp Sr Ph. Tyr Pho Mr aMn Lou arg AlaMn Gly SMr
CAM TTsGs C OCO CTT CCC CCC ATC TCA TAC CCT COC aC GOCG CTO CCC TGG

35 Gan Lou Ala Al& Lou Pro Pro Ile Sr Tyr Pro arg M r Ala Lou Pro Trp

OCT acT aCO CCC 0CC TCA TOC ACC CCT OCG CAG CCT GCC ACC 0CC TCT 0CC
52 Ala Thr Thr Pro Ala S-r Cy& Thr Pro Ala Gln Pro Al& Thr Ala Sr Ala

TTT Ga OGC TTC TCT cMCA T TtC TTG ACC GOC TCT 0GG CCA ATT GOC CTG
69 Pbs Gly Gly Ph. Mr Gln Pro Tyr Lou Thr Gly Sr Gly Pro Ile Gly Lou

CaM TCT CCA GGC 0CC AAG GAC GGA CCC Gaa GAC CAG GTC aAG TTC TAT ACG
86 Gln Mr Pro Gly Ala Lye Ap Gly Pro Glu aMp Gln Val Lys Pho Tyr Thr

CCT GAT OCO CCC ACC OCA TCT GaG GaA COC AC COG ACT aGG CCG CCC TTC
103 Pro aMp Al& Pro Thr Al& SMr Glu Glu Arg SMr Arg Thr Arg Pro Pro Phe

0CC CCC GaG TCT AGT CTG GTT CAT TCG GCT CTC AAM GGC ACC AaG TAT GAC
120 Al& Pro Glu Sr Ser Lou Val His S-r Ala Lou Lys Gly Thr Lys Tyr AMp

TAC 0GO GOT GTO GOC COG ACC GCT CCA GOC TCT GCG ACC CTG CTC CAG GGG
137 Tyr Al& Gly Val Gly Arg Thr Ala Pro Gly SMr Ala Thr Lou Lou Gln Gly

0CC CCC TGT GCC TCC AGC TTC aAG Gaa GAC ACC AAA GGC CCG CTC MAC TTG
154 Ala Pro Cys Ala Sr Sr Phb Lys Glu asp Thr Lys Gly Pro Lou ann Lou

MAC ATG OCA GTG CAM GTG GCC G0G GTG GCC TCT TGC CTG CGA TCT TCA CTG
171 aMn Hot Ala Val Gln Val Ala Gly Val Ala Sor Cye Lou Arg Ser Sor Lou

V 0 0 S*
CCC GAC G-T MAA CAG TGC CCA TOC TCC CCG AAG CCA gtttaggcagagacgg

188 Pro Asp Gly Lye Gln Cys Pro Cys S-r Pro Lys Pro

;a;gt;gggtgtcagggacagttggacagggaggagacccgccagcagtggtgaacgtctgtggggc
0 * *00

;;gcattgatctgagcgagctgacatgggtcggggctctgttgcag GC CTG CCG TGG GGG
Gly Leu Pro Trp Gly

GGG GCG GCC CCG GGG AGG GCC COC AM AM GAGO CCC T?C ACA AG CM
205 Gly Al. Ala Pro Gly Arg Ala Arg Ly Lye Arg Lys Pro Tyr Thr Lye GIn

CM AW GM GM CT GM AM GAA C CT GC MT GM TTC aTc AM CO0
22 Us RIl Ai& Glu la Olu Am gig Pho In Val Mn Glu Pb. Ile Lin Ar;

CM AM CT AM MA T TT AC AM Cso AMC CTC AMC G CaM CM oMC
23 GinLa ALy Gi Mn Sr Am Ar;ML eA Lou MSr Asp Gin Gin Val

AL AIC T VT CM AM OO CM AVG AM AM AMoCOO GTA GT CAo CGC
252 ltAMxe amin A eAg L LI A Val VTl GIn Arg

GAG CAM GCA CTG GCC CTC TAT tjct;cccacgggggcctgaggcttgccaagcctgcc
269 Glu Gln Ali Leu Ala Leu Tyr

ctttt;;accaa;;cctgctgtggaggaggtgttgg;gctgcagatttcgctcccacctcctctgg

homology with the Drosophila AbdB proteins (see later and
Figure 5).
The -4.6 and -4.7 homeodomain protein sequences are

rather divergent from that of the Antp homeodomain
classically used as a reference (Scott et al., 1989) since only
52% and 45% of the amino acids are identical, respectively.
This is expected when one considers the fact that increasing
divergence is observed with respect to a central (Antp-like)
homeobox, when compared with homeobox sequences
located at the extremities of the complexes (see e.g. Hart
et al., 1987). This is particularly apparent in the case of
the HOX-4 complex where a comparison with the Antp
homeodomain (HD) revealed 83, 68, 63, 52 and 45%
identity for the Hox-4.3, -4.4, -4.5, -4.6 and -4.7 HD,
respectively. Interestingly, the Hox-4.7 HD contains a
phenylalanine (F) residue at position 26 (according to Scott
et al., 1989) instead of the tyrosine (Y) residue found so
far in all HDs belonging to this class. This is also observed
in human (E.Boncinelli, personal communication) and
chicken (Izpisu'a-Belmonte et al., 1991). A comparison of
these HD sequences revealed that they are all highly related
to each other. Figure 4A shows an alignment of the four
sequences from the previously defined AbdB-like subfamily
(Hox-1. 7; -2.5; -3.2; -4.4 and AbdB) and sequences from

B
gwcttgccggcgtgca;gccggca;ccatgaacgactttacgagtgcwgcccca;cgcagcagc

ATO TAC CTO CCO GOC TOC GCT TAC TAC GTG GCC CCG TCG GtC TTC CC aGC
1 ot Tyr Lou Pro Gly Cys Ala Tyr Tyr Val Ala Pro Mr aMp Pho Ala Sr

aAG CCG TCG TTC CTC TCG CAG CCG TCC TCG TOC CAG ATG ACT TTC CCC TAC
16 Lye Pro Sr Ph. Lou Mr Gln Pro Sor Sr Cys Gln Hot Thr Ph. Pro Tyr

TCC TCC MAC CTG GCG CCA CAC GTC CAG CCC GTG CGG GAG GTG GCC Ttt COC
35 Ser Sr aMn Lou Ala Pro His Val Gln Pro Val Arg Glu Val Ala Ph. Arg

GAC TAC GGC CTG GaG COC GCC aAG TGG CCG TAC CGC GGa GGC GGC GOT
52 asp Tyr Gly Lou Glu Arg Ala Lye Trp Pro Tyr Arg;G1Y Gly Gly Gly Gly

GMC GCGOG GOC GOC GOC GGC GGC GGT CCC GGC G0G GGT GOT GGC GGC TCC
69 Gly Ala Gly Gly Gly Gly Gly Gly Gly Pro Gly Gly Gly Gly Gly Gly SMr

000 GGOCI TaC GCT CCC TAC TIC IGCC GCG GCA 0C0 GCGGCA GCG GCG WCA GCG
86CGly GlylTyr Ala Pro Tyr AyralaAla Al Ala Al kla kl Ala Ala Ala

GM CGCGGCC|Ga GaG GCG GCC ATG CAA CGA GAT CAWCTC CCG CCC GCC GGC
103 Aa ka Alaj Glu Glu Ala Ala Not Gln Arg sp Lou Lou Pro Pro Ala Gly

COC COG CCA GAC GTG CTC TTC AaG GCT CCC GaG CCG GTG TGC GGC GCT CCC
120 Arg Arg Pro Asp Val Lou Phb Lys Ala Pro Glu Pro Val Cys Gly Ala Pro

GGG CCG CCG CaC GGT CCG GCG GCC GCA GCC TCT aaC TTC TaC AGC GCC GTG
137 Gly Pro Pro His Gly Pro Ala Ala Ala Ala Sor asn Ph. Tyr Ser Ala Val

GGT COC MAC GGC ATC CTG CCC CAG GGC TTT GAT CAG TTC TaC GaG GCG GCG
154 Gly Ar; asn Gly I1 Lou Pro Gln Gly Ph Asp Gln Phb Tyr Glu Ala Ala

CCC GGA CCC CCC TTC GCC GGC CCG CAG CCC CAG CCC GCT CCC GCG CCG CCA
171 Pro Gly Pro Pro Ph. Ala Gly Pro Gln Pro Gln Pro Ala Pro Ala Pro Pro

CAG CCC GaG GGC GCC GCT GAC AMG GGC GAC CCC AaG CCA GGG GCT GGT GGC
188 Gln Pro Glu Gly Ala Ala asp Lys Gly asp Pro Lys Pro Gly Ala Gly Gly

GGC GGG GGC AGT CCC TGC GCC AAG GCG ACT CCG GGC CCA GAG CCC AAG GGG
205 Gly Gly Gly Ser Pro Cys Ala Lys Ala Thr Pro Gly Pro Glu Pro Lys Gly

GCG GCG GAA GGC GGT GGC GGT GAA GGC GAG GGC CCC CCG GGG GAG GCG GGG
222 Ala Ala Glu Gly Gly Gly Gly Glu Gly Glu Gly Pro Pro Gly Glu Ala Gly

GCC GAA AAG AGC GGC GGC ACA G gta ... cag TG GCC CCC CAG AGG TCC
239 Ala Glu Lys Ser Gly Gly Thr Val Ala Pro Gln Arg Ser

[ A AM COC TOT C TIC IC AMC TIC CAG ATC COC GaA CTG Ga COCI2521 Ar Lys Lys Are Cy Pro Tyr Thr Ly Tyr Gln Ie Arg Glu Lou Glu Arg

269

286

3031

--w-- -j--v - --- -a- -- -z -j- -- -- -M --- -- --- -W

OM TTT TYC TTT AA OTA TIC ATA AM MA GM MA A" CTC CAA CTC TCT
Giu Ph. Phe Pb. an Val Tyr TI* aMn Lye Clu Lys Arg Lou Gln Lou Mr

coO ATO CTC AM CsC acT GoC CO CMa OTC AM ATC TO TTC CaG AT CMC
Ar Mot Lou Mn Mn fTr AW Arg Gln Va1 Lys I* Trp Pho Gln Mn Ar;

m IT AMA aGm AM Am CM AW GACCGT CTG CAA TAT TTC ACT GGA
Not Ly Glu S W A Asp Arg Leu Gln Tyr Phe Thr Gly

AAC CCC TTA TTT
320 M3n Pro Leu Phe

toagaactccaggatgtaccccctccccagagccccactcacccaccctcc

Fig. 3. DNA and protein sequences of the Hox-4. 7 (A) and -4.6 (B) coding regions. Partial leader and trailer regions and intronic sequences are
shown in small letters. The size of the Hox-4. 6 intron (not shown) is - 750 bp. The homeobox (homeodomain) sequences are boxed and in-frame
termination codons are underlined (both in 5' and 3'). The stars in both sequences indicate consensus amino acids (see Figure 5 and the text) and the
black dots in Hox-4. 7 designate an extended homology with the corresponding region of the Drosophila AbdB protein sequence, provided the second
potential donor splice site is used in the mouse (the second arrowhead). The first arrowhead indicates the donor site present in a chicken Hox-4. 7
cDNA clone (see text). The arrow in Hox-4. 6 marks the 5' end of our cDNA clone. These sequence data are available from EMBL/GenBank/DDBJ
under accession numbers X58848 and X48849.
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Fig. 4. (A) Protein sequence comparisons between the homeodomains
of all the murine AbdB-like proteins reported to date. The murine and
the AbdB homeodomain sequences are shown only for residues which
differ from those of the Drosophila Antennapedia (Antp)
homeodomain. The non-AbdB-like mouse Hox-4.3 gene (the immediate
3' neighbouring gene, see Figure 1) is shown as a control. The
stippled residues are those found in the murine sequences which differ
from the Antp reference but are identical to the AbdB sequence
(identical substitutions). Note that more Antp-divergent sequences (like
Hox-4. 6 or -4.7) also have more identical substitutions with the AbdB
sequence. Sequences are from: Antp (McGinnis et al., 1984), AbdB
(Regulski et al., 1985), Hox-1. 7 (Rubin et al., 1987), Hox-2.5
(Bogarad et al., 1989; Graham et al., 1989), Hox-3.2 (Breier et al.,
1990; Erselius et al., 1990), Hox-4.3 (Izpisda-Belmonte et al., 1990),
Hox-4.4 and Hox-4.5 (Duboule and Dolle, 1989), Hox-4.6 and -4.7
(this work). (B) Unrooted evolutionary tree as obtained with a
parsimony algorithm from the program package PHYLIP (Felsenstein,
1985). This algorithm calculates the minimum number of possible
intermediate steps required to evolve these various sequences from a
common sequence. (C) Matrix representation of the protein similarities
expressed in percent of mismatches within the homeodomain sequences
shown under (A). The stippled areas in (B) and (C) emphasize the
short distances (B) or higher homologies (C) between the sequences
belonging to the paralogous genes (the four genes from the
Hox-4.4-like subgroup, see Figure 2).

the three upstream genes Hox-4.5, -4.6 and -4.7. The
Hox-4.3 sequence is shown as a control. The N-terminal part
of all these HDs (except Antp and Hox-4.3) is clearly of the
'AbdB type' (rich in lysine) and many residues present in
the AbdB homeobox but not in Antp are also found in these
'upstream' HDs (boxed in Figure 4A). Interestingly, it is
difficult to assess which one of these sequences is the most
closely related to that of the AbdB gene. For example, the
Hox-4. 7HD does not contain the arginine residue at position
36, typical for the AbdB and AbdB-like HD (Hox-]. 7, -3.2,
-2.5 and -4.4) but instead, contains the glutamine-lysine
(QK) doublet which is found at position 29-30 within the
AbdB sequence. Several such examples can be seen in Figure
4A.
To clarify the evolutionary distances between these novel

sequences, we used a parsimony algorithm taking as a control
the four paralogous sequences (Hox-]. 7, -2.5, -3.2 and -4.4).
The computer clearly recognizes these four latter sequences
as originating from a late duplication event (stippled areas
in Figure 4B and C) but does not give any indication as to
the evolutionary relationships of the other sequences.
Moreover, the AbdB sequence is not considered significantly
closer to this 'AbdB-like' group but seems equidistant from

these HD sequences (Figure 4B). We conclude from this
that the 'upstream' located Hox-4 genes (Hox-4.4, -4.5, -4.6
and -4.7 are equally related to the Drosophila AbdB gene.
A careful analysis of the complete Hox-4. 6and -4. 7 protein
sequences and their comparison with either the full murine
Hox-4.4 and -4.5 protein sequences (A.Renucci and D.
Duboule, in preparation) or previously published members
of the AbdB-like family (Hox-1. 7, Rubin et al., 1987;
Hox-3.2, Erselius et al., 1990; or the Xenopus Xlhbox6,
Wright et al., 1990) revealed the presence of consensus
sequences shown in Figure SA. All proteins in Figure SA
(as well as the various AbdB proteins, cf. DeLorenzi et al.,
1988; Celnicker et al., 1989; Zavortink and Sakonju, 1989)
lack the classical hexapeptide consensus (Mavilio et al.,
1986) found so far in all other Hox proteins. Instead, most
of the AbdB-like proteins isolated (except the mouse, chicken
and newt Hox-4.6) have a tryptophan (Trp) residue at
position -6 or -7 from the start of the homeobox. A Trp
residue is never found at this position in other Hox genes.
However, it is present in a similar position upstream of the
AbdB HD as well as in a sea-urchin cognate gene (HB4,
Dolecki et al., 1988). The most posterior (5'-located) gene
of the HOX-4 complex (Hox-4. 8) was recently cloned. Its
structure and expression pattern confirm the observations
reported in this paper (Dolle,P., Izpisuia-Belmonte,J.-C.,
Boncinelli,E. and DuBoule,D., in press).
When compared with the AbdB PS14 protein form ('r')

which is thought to achieve a 'regulatory' function in
parasegment PS14 (revealed by the class II mutants from
Casanova et al., 1987 and encoded by the 3.4 kb transcript
P2 in Celnicker et al., 1989; class B in Zavortink and
Sakonju, 1989 or ,B transcripts in Kuziora and McGinnis,
1988), two additional regions of consensus can be seen which
are depicted in Figure 5. First, an acidic (Asp) and a cyclic
(Phe) residue, separated by two to seven amino acids, are
systematically found between positions +15 and +25 in
vertebrate proteins and at position +38 in the AbdB PS14
('r') form. Secondly, a highly conserved proline-tyrosine
(Pro-Tyr) doublet is found in the central part of the proteins.
These consensus sequences (also shown by stars in Figure
3A and B) further suggest the common origin of these genes
by successive duplications of an ancestral AbdB-like gene.

Expression of the Hox-4.6 and -4.7 genes during
development
The extreme 5' location of these two novel genes in the
HOX-4 complex should result, according to the structural
colinearity rule, in very posteriorly restricted expression
domains. This is indeed the case. At 12.5 days p.c., Hox-4.6
and -4. 7 are expressed in the structures which usually express
Hox genes (see e.g. Gaunt et al., 1988; Holland and Hogan,
1988), i.e. within the spinal cord, sclerotome prevertebral
condensations, gut mesenchyme, excretory system, etc, but
starting at very posterior levels along the rostro-caudal axis.
For example, Hox-4. 6 is expressed from prevertebra (pv)
25 whereas Hox-4.4 starts at pv 20 (Duboule and Dolle, 1989
and Figure 6A). In fact, the limits of expression can vary
slightly following the plane of section (more or less para-
median or median as illustrated in Figure 6A versus 6A').
However, for a determined plane of section, colinearity is
always observed in the positions of the Hox-4 gene
expression boundaries. This is further exemplified by the
Hox-4.7 gene whose transcripts start to appear from
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Fig. 5. (A) Consensus amino acids between all the AbdB-like proteins. Three regions strongly conserved in the various proteins are shown and their
positions are depicted by the stippled boxes in the schematic protein shown below. The shadowed residues are those highly conserved whereas boxed
amino acids are those present more than once at a fixed position within different proteins. The arrow on the top represents the start of the
homeodomain (HB in the scheme below). The strict consensus positions are shown in bold. Positive numbers indicate the positions relative to the
initiation codon whereas negative numbers are relative to the start of the HB. This double numbering system is used to illustrate the respective
similar positions of these consensus sequences. In the case of AbdB, the numbers refer to the protein thought to achieve the regulatory (r) function
(see text). References are as in Figure 4 and Xlhbox6 (Wright et al., 1990). (B) Extended amino acid homology between the Drosophila AbdB and
the Hox-4. 7 sequences, upstream of the HB. This alignment is made possible only if the second consensus splice donor site is used (second
arrowhead in Figure 3A).

pv 29-30 and more posteriorly (Figure 6B) which
corresponds to the beginning of the tail. The comparative
positions of the Hox-4. 4 to -4.7 expression boundaries in
prevertebrae is shown in the bright field panel of Figure
6 (open arrows). This colinearity is also observed in
mesenchymal compartments of some internal structures or
organs as illustrated by a section through a piece of intestine
shown in Figure 6C. The entire histological section is
positive for Hox-4. 4 but negative (too anterior) for Hox-4. 7.
This piece of intestine corresponds to the exact position of
the Hox-4. 6 expression boundary since only half of it (the
posterior part) is positive for the Hox-4. 6 probe (Figure 6C).
This distribution of Hox-4 gene transcripts is already visible
at an earlier stage in development, e.g. in the day 9.0 p.c.
embryo section shown in Figure 6D, where clear differences
can be seen in the positions of the Hox-4.6 and -4.7
expression boundaries along the lateral-plate mesoderm (open
arrows in Figure 6D). In contrast, Hox-4. 4 is expressed in
all the posterior part of the fetus shown in this section (the
head is, of course, negative in all three cases).

Sequential appearance of the HOX-4 transcripts
We and others previously reported that the HOX-4 genes
were expressed in limbs during development (Dolle and
Duboule, 1989; Oliver et al., 1989), following a sequential
temporal colinear activation (Dolle et al., 1989). Because
of the cranio-caudal progression of morphogenetic events
observed along the developing vertebrate AP axis (see
Discussion), it was critical to confirm this observation in
the case of the trunk axis. A careful time course of in situ

hybridization shows that only genes anterior to (located 3'
from) Hox-4. 4, as well as Hox-4. 4 itself, are transcribed up
to detectable levels before day 8.25 p.c. Transcripts encoded
by the Hox-4.5 and -4.6 genes appear between days 8.25
and 8.75 p.c. whereas the Hox-4. 7gene apparently becomes
functional at about day 9 (Figure 7). As expected, the earlier
expression of these genes is restricted to very posterior
areas (see e.g. the posterior lateral-plate mesoderm in Figure
7A' or the posterior mesoderm in Figure 7B). Several
embryos at different ages were analysed in systematic serial
sections giving comparable results. No further attempt was
made to try to separate temporally the appearance of the
Hox-4. 5 from the Hox-4. 6 transcripts.

Discussion
The two major observations reported in this paper are that
vertebrates, or at least mammals, have preferentially
amplified an ancestral gene member of the AbdB-like family
and that the genes produced by such gene duplication events,
in the HOX-4 complex, are activated according to a struc-
tural and temporal sequence during the development of the
trunk and limb axes.

Multiple genes versus multiple regulatory units
The molecular analysis of the Hox-4. 4, -4.5, -4.6 and -4.7
genes allowed us to compare their protein coding sequences.
Analysis of these sequences revealed the presence of
consensus motifs. When compared with the Drosophila AhdB
gene, the consensus sequences were also conserved although
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Fig. 6. Restricted expression of the Hox-4. 6 and -4.7 genes along the antero-posterior (AP) axis of the developing mouse fetus. A, A', B and C
show the various boundaries of expression, in a 12.5-day-old mouse fetus, along the spinal cord and two mesoderm derivatives that have an AP
continuity: the prevertebral column and the gut mesenchyme. The in situ hybridization signals seen with the Hox-4.4, -4.6 and -4.7 probes are
viewed under dark field illumination and the magnified areas are boxed in the adjacent bright field picture of a fetus. (A) and (A') show the
boundaries of expression of Hox-4.4 and -4.6 in the spinal cord and prevertebrae (pv). The section in (A) is slightly paramedian whereas (A') is a
parallel median section (crossing the spinal cord lumen). The boundaries are more anterior for Hox-4.4. Along the pv column, the -4.6 expression
extends more anteriorly in lateral sections of the sclerotome (pv 23 in A) than in mid-sagittal sections (pv 25 in A'). (B) Position of the Hox-4. 7
expression boundaries (pv 29-30). Panel (C) shows the differential labelling within the mesenchyme of the herniated gut. The open arrows (black in
A and white elsewhere) indicate the expression boundaries of Hox-4.4, -4.5, -4.6 and -4. 7 (pv 17-20 are shown as reference). (D) Distinct AP
domains of expression of the Hox-4.4, -4.6 and -4.7 genes in a 9-day-old embryo. h, head.

absent from all other murine Hox genes studied so far.
In addition, none of these proteins contain the conserved
hexapeptide (Mavilio et al., 1986) which is found upstream
of the homeobox of all class I homeobox genes reported to
date. This peptide sequence is not found in any AbdB protein
(see also Erselius et al., 1990). Instead we found at about
equivalent distance, 5' from the homeobox, a conserved
tryptophan residue in all AbdB-like proteins with the
exception of Hox-4.6. Interestingly, the 'core' of this
conserved hexapeptide is composed of the doublet Trp-Met,
present in all Hox proteins whereas other positions can show
some variation (Duboule et al., 1989). This amino acid is
also found in an early coelomate metazoan AbdB-related gene
(position -7; Dolecki et al., 1988).

Computer analysis using a parsimony algorithm confirmed
the difficulty in linking preferentially any of these AbdB-
like genes to the Drosophila gene with respect to evolution.
From these data it therefore appears that all of these genes
are likely to be derived from the same AbdB-like ancestral
gene. Apart from the HDs and the short consensus sequences
no extended similarities with the AbdB gene can be found
except for the presence in the Hox-4. 6 of monotonic stretches
of amino acids. In particular, a very large stretch of alanine
residues (Ala) is observed which is also found in the AbdB
proteins (see Celnicker et al., 1989; Zavortink and Sakonju,
1989).
Akam et al. (1988) have proposed that an ancestral

AbdB-like gene could have determined the most posterior
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Fig. 7. Sequential appearance of the Hox-4 transcripts during mouse development. (A) and (A') Two parallel sections of a 8.25-day-old embryo
(before rotation). The plans of sectioning are shown in the corresponding drawing at the bottom of the figure, below the time axis. In this embryo,
only Hox-4.4 transcripts are detected in lateral mesoderm (A') as well as more posterior regions (A). Hox-4.5 to -4. 7 transcripts are not visible at

this developmental stage, even in the most posterior areas (A). (B) Section through an 8.75-day-old fetus (after rotation) crossing the posterior
extremity and the allantois. At this stage, Hox-4.4, -4.5 and -4.6 transcripts are readily detected in posterior regions while Hox-4. 7 is negative. Note
that only Hox-4.4 is transcribed in cells of the forelimb field. (C) Section through a 10.0-day-old fetus showing the high expression of the four genes

in posterior parts of the body and in the forelimb bud. A, anterior; P, posterior; h, head; hl, hindlimb; fl, forelimb; nt, neural tube.

part of the abdomen in the ancestor of the myriapod -insect
lineage. In Drosophila, the AbdB gene has multiple mRNAs
transcribed from different promoters (DeLorenzi et al.,

1988; Kuziora and McGinnis, 1988; Celnicker et al., 1989;
Zavortink and Sakonju, 1989). The AbdB regulatory regions
are separated and genetically defined by a set of recessive
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loss of function mutations which transform a given para-
segment into a copy of the more anterior parasegment. These
classes of mutations are called iab-5, iab-6, iab-7 and iab-8,9
(Lewis, 1978; Karch et al., 1985; Sanchez-Herrero, 1986;
Tiong et al., 1986; and Duncan, 1987 for a review). It has
been shown genetically that these mutations affect regions
of the Bithorax complex (BX-C) arranged in a way which
is colinear to the ordering of the adult structures they
determine in the Drosophila embryo (Lewis, 1978). It
was further proposed that this would reflect the colinear
arrangement, along the chromosome, of cis-regulatory
domains conferring various parasegmental specificities to a
few transcription units (Peifer et al., 1987). Thus, the mouse

II,
qj..) ,
Ij. I. J
iI.i

L. .- - -

51--

Fig. 8. Schematic representation of the functional homologies between
the AbdB gene, its set of regulatory sequences (iab-S to iab-8,9) and
the various murine AbdB-like Hox-4 genes. The top half shows the
Drosophila transcription unit containing several regulatory regions
which control, in a parasegmental-specific manner, the expression
(from right to left) of at least four different transcripts in the most
posterior abdominal segments. The different intensities of grey reflect
in which abdominal parasegment (PS) a given iab regulatory sequence
seems to exert its maximal effect (e.g. iab-S in PS10, etc.). The
scheme was redrawn from Peifer et al. (1987) with additional data
from Celnicker et al. (1989), Kuziora and McGinnis (1988) and
Zavortink and Sakonju (1989). The bottom half illustrates the
arrangement of the AbdB-like Hox-4 genes in mammals, with their
respective transcription units (from left to right) as well as the
positions of their expression boundaries in the CNS, prevertebrae and
internal organs. All expression domains extend very posteriorly (they
overlap in posterior areas). The position of homeobox sequences is
shown (H).

and the fly could represent two pathways of evolving genetic
complexity from a rather simple system (Figure 8). In
Drosophila, Akam et al. (1988) proposed that the evolution
of the myriapod -hexapod lineage involved both the
acquisition of new homeotic genes and, in the case ofAbdB,
the elaboration of additional regulatory sequences in parallel
with the novel individualization of posterior parasegments.
Alternatively, Bender, Karch and colleagues suggest that the
ancestral animal found at the origin of this lineage had a
number of homeotic genes roughly corresponding to its
number of segments (discussed in Karch et al., 1990). In
this view, the various AbdB cis-regulatory sequences
(enhancers) would have been conserved and 'concentrated'
for the regulation of a common transcription unit. This
phylogenetic conversion from a gene to an enhancer
sequence could occur, for example, by deletion of transcribed
regions after convergence of multiple regulatory sequences
to a restricted number of transcription units. Such a process
of 'consolidation' (see Karch et al., 1990) can be envisaged
only if the original functions of each reiterated unit were
rather comparable, in other words, if the ancestral abdominal
segments were poorly functionally individualized as was
likely the case in a putative annelid-like ancestor. The
situation we observed in mammals can be considered as
another form of evolution, by complete gene duplications
rather than by increasing the regulatory capacity of one
transcription unit. The poor overall similarity between these
5'-located Hox-4 proteins and their insect cognate (when
compared e.g. with the Hox-1. 4/Deformed gene subfamily;
Graham et al., 1988; Galliot et al., 1989) may thus illustrate
this particular way to evolve diversity in parallel with the
amplification of this subgroup (Figure 2). Alternatively, this
particular multi-AbdB arrangement in mammals could reflect
the structure of a primitive HOX/HOM complex. In this
case, consolidation could have 'fixed' the Drosophila
sequence (by evolving the regulatory units) and therefore
be responsible for the high divergence observed between
Drosophila and vertebrates (see Karch et al., 1990).
Two hypotheses can be envisaged to describe the evolution

of the murine HOX complexes with respect to these multiple
AbdB-like genes which have been found so far in the HOX-4
(Duboule and Dolle, 1989; this work) and HOX-1 (P.Gruss,
personal communication) complexes. In humans, such
AbdB-like genes are present in the HOX-1, -3 and -4
complexes but, as in the mouse, are probably absent from
the HOX-2 complex (Acampora et al., 1989; Simeone
et al., 1990a). Consequently, either these multiple copies
existed in the ancestral complex and were therefore lost in
HOX-2, or they were the result of AbdB-like gene duplica-
tions after the large-scale duplication of two HOX-2-like
complexes. In this last case, the HOX-2 complex would
therefore be the representation of the ancestral mammalian
complex. Our results do not provide clear-cut evidence to
support either possibility but the loss of Hox genes from
various complexes and at various positions (or their evolu-
tion towards a highly divergent unit) is well documented in
human and mouse where only few subfamilies contain the
four members (Simeone et al., 1990a; Kessel and Gruss,
1990). For example, it appears that the HOX-1 complex
contains only some of the AbdB-related genes whereas the
HOX-4 complex does have the five AbdB-like genes
(Hox-4.4, -4.5, -4.6, -4.7 and -4.8). It is intriguing, though
probably coincidental, that in Drosophila the AbdB functions
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are required in five parasegments, from PSl0 to PS14 (see
also Acampora et al., 1989).

Temporal colinearity
The Hox-4.6 and -4.7 genes are expressed during fetal
development in a very posteriorly restricted manner. This
is not surprising and fits well with the strict 'structural
colinearity' observed within the murine HOX complexes
(Gaunt et al., 1988; Duboule and Dolle, 1989; Graham
et al., 1989). Indeed, they are expressed in the CNS,
sclerotomes and in a few internal organs, slightly more
posteriorly than the Hox-4.4 and -4.5 genes (Dolle and
Duboule, 1989). We have previously shown that four of
these genes (Hox-4.4-4.7) are expressed during the
morphogenesis of the limbs according to rules similar to
those governing their expression in the trunk. Furthermore,
these genes are sequentially activated in the limbs (or their
transcripts sequentially stabilized) and we proposed that
this was an essential process to establish correctly their
expression domains (Dolle et al., 1989). We now show that
sequential activation of these AbdB-like genes also occurs
during development along the AP body axis. The first
transcripts to appear are those encoded by the genes located
3', and the last ones those encoded by the upstream (5')-
located AbdB-like genes (e.g. Hox-4. 7). We refer to this
process as 'temporal colinearity'. Temporal colinearity may
be difficult to observe among the 3'-located (non-AbdB-like)
genes since many of these genes seem to be activated during
a very short period of time. We believe that this is due to
a non-linear timing of activation of the Hox genes, many
'anterior' genes being activated almost simultaneously in the
case where the structures which are formed are very poorly
time-delayed (e.g. the hindbrain neuromeres, reviewed in
Lumsden, 1990; Wilkinson and Krumlauf, 1990). This
3'-5' sequential appearance of the Hox gene transcripts is
an important observation since it combines the temporal
molecular dynamics of a genetic system on the one hand,
with the cranio-caudal morphogenetic progression observed
during vertebrate ontogeny, on the other. This means that
we may not only have, in our chromosomes, a direct
molecular representation of our body axes (the 'structural
colinearity') but also, linked to it, a linear molecular
representation of the temporal sequence which is required
to correctly realize this structural colinearity (the 'temporal
colinearity').
Such a cranio-caudal (AP) morphogenetic progression is

not apparent in Drosophila, where the homeotic genes do
not seem to be transcribed according to a colinear temporal
sequence. However, the very high developmental speed of
Drosophila as well as the very variable sizes of the homeotic
transcription units makes it difficult to address this point
(see e.g. Gubb, 1986; Kornfeld et al., 1989; discussed in
Karch et al., 1990). In fact, according to the modification
proposed by Bender and colleagues (Peifer et al., 1987) of
the combinatorial model of Lewis (1978), a corresponding
mechanism acting on the Drosophila AbdB transcription
unit would involve a progressive temporal accessibility
('opening') of cis-acting sequences (from iab-S to iab-8,9;
see Figure 8) to regulatory factors. Since there is no known
correlation between such cis-acting sequences and particular
AbdB transcripts, there is no evidence so far which would
support this idea in the fruit-flies. However, such a
mechanism should exist in more primitive short germ band

insects such as the locust Schistocerca gregaria since they
determine and produce their most posterior abdominal
segments after the blastoderm stage, in an AP sequential
manner (for references and discussion, see Akam et al.,
1988; Tear et al., 1988; French, 1990). Among the
arthropods, the Onychophoran as well as myriapods such
as the Pauropodae and crustaceans also show a clear sub-
terminal addition of the posterior segments, or, at least, an
AP progression in the development of the segments (see Raff
and Kaufman, 1983). In fact, this AP dynamics in the
establishment of meristic features is observed in many
metamerized invertebrates (see e.g. Dawydoff, 1928)
including annelids (oligochaete and polychaete) which
suggests that the ancestral organism present at the origin
of these various lineages had a similar type of ontogeny
(discussed for the arthropods by Raff and Kaufman, 1983).
Consequently, long germ band insects could represent a
rather peculiar, highly evolved, group of arthropods. The
apparent non-involvement of temporal colinearity in these
animals might be illustrated (reflected), at the molecular
level, by the splitting of the homeotic complexes and the
presence of an ANT-C homeotic gene (Dfd) on the opposite
DNA strand, a situation which contradicts that found in the
vertebrate HOX complexes (reviewed in Kaufman et al.,
1990). In this context, the analysis of less evolved arthropods
could reveal whether in such an evolutionary pathway, a
complete heterochrony (the disruption-or tolerance to
disruption-of a temporal programme of development) can
be envisaged.
As far as the AbdB functions are concerned, one would

expect, in short germ band insects, other arthropods or
annelids, that the equivalent of the iab-5 function may be
active before that of the iab-6, etc, in a way somehow
homologous to what we observe during the vertebrate trunk
and limb axes development. However, this possible temporal
colinearity would occur clearly only for 'abdominal' meta-
mers and the question would thus remain open with respect
to more 'anterior' homeotics. This possible difference, in
regulatory mechanisms, between AbdB (AbdB-like) and
the other homeotic (homeo) genes, both in insects and
vertebrates, is reinforced in vertebrates by several
other structural and functional observations (see above).
Interestingly, the first AbdB-like gene found when moving
towards the 5' end of the vertebrate complexes (the Hox-4.4-
like subgroup) seems also to represent a functional
'boundary' in cells cultured in vitro, since genes located
either upstream or downstream have very different behaviour
in response to retinoid treatment (Simeone et al., 1990a,b).
However, the fact that the 3'-located genes Hox-1. 6 and
Hox-2. 9 are expressed very early and during a short period
of time (Duboule and Dolle, 1989; Wilkinson et al., 1989;
Frohman et al., 1990; Sundin et al., 1990; Wilkinson and
Krumlauf, 1990) is strongly suggestive that temporal co-
linearity, like structural colinearity, is a concept applicable
to the entire HOX network. The analysis of the HOM/HOX
complexes in other species of either arthropods or vertebrates
should reveal whether the temporal colinearity is intimately
linked to the presence of an AP morphogenetic progression.
The first example of such a juxtaposition of an observable,
morphogenetic progression with a temporal sequence of
molecular events was previously shown for the same genes
during the development of the limbs (Dolle et al., 1989).
The vertebrate limb progressively develops along its
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proximo-distal axis so that proximal patterns are formed
before distal ones. We proposed that such a sequential
activation could provide an explanation of the mechanisms
by which structures derived from proximal blastema are
different from those produced by distal blastema. Because
of the now apparent uniformity in the patterning mechanisms
involved along the different body axes, we suggest in this
paper that temporal colinearity could also be the basis for
differential specification of the vertebrate metamers
according to their AP positions.

Materials and methods
Isolation and mapping of the mouse Hox-4.6 and Hox-4. 7 genes
These two novel mouse genes were isolated during our walk on the 5' part
of the HOX-4 complex (Featherstone et al., 1988; Duboule and Dolle, 1989;
Izpisia-Belmonte et al., 1990). The homeobox sequences were revealed
by cross hybridization with probes derived from the Hox-4.4 and -4.5 genes.
The positions and orientations of these genes on the HOX-4 complex were
determined by classical mapping using end-labelled genomic DNA fragments
and partial restriction enzyme digests. Various DNA fragments were
subcloned into pUC, pPolyIII, pEMBL, pGEM or pBluescript vectors.

Sequencing of the cDNA and genomic DNA clones
The cDNA inserts were isolated from the positive phages and subcloned
into pUC 18 or pGEM7. Their nucleotide sequences and those of various
genomic fragments were determined using the dideoxy method (Sanger et
al., 1977). Difficult regions (high GC content) were sequenced with the
chemical method (Maxam and Gilbert, 1980).

Screening of cDNA libraries
We used both oligo(dT) and randomly primed cDNA libraries from 11 day
p.c. mouse embryonic mRNA (Galliot et al., 1989). In both cases,
- 1.7 x 106 phages were screened under high-stringency conditions (50%
formamide, 5 x SSC, 1% SDS, 50 mM Tris-HCI, pH 7.5, 0.1 mg/mi
denatured salmon sperm DNA, 42°C) by hybridization with three genomic
probes: the 5'-3' EcoRI-PstI homeobox-containing fragment and the
5'-3' PstI-EcoRI immediately upstream fragment, from the Hox-4. 7gene
and the AccI -BamHI homeobox-containing fragment corresponding to the
Hox-4.6 gene (see Figure 1).

Preparation of RNA probes
The Hox-4. 6 and -4.7 antisense RNA probes were synthesized using a T7
in vitro transcription reaction as described previously (Melton et al., 1986).
The DNA templates were a 300 bp AccI-BamHI fragment containing part
of the Hox-4.6 homeobox and a 1400 bp EcoRI fragment containing
part of the Hox4. 7homeobox (see Figure 1). Both fragments were subcloned
into pGEM. The control sense RNA probes were simultaneously synthesized
using the opposite strands as templates. None of these control probes
displayed any detectable signals. The Hox-4.4 and -4.5 probes were as
described by Duboule and Dolle (1989).

In situ hybridization
Mouse embryos and fetuses were obtained from natural matings between
(C57/BL6 x SJL) Fl mice. Mid-day on the day of the vaginal plug was
designated as day 0.5 p.c. Embryo recovery, embedding, sectioning and
in situ hybridization were performed as previously described (Dolle and
Duboule, 1989), except that the pre-hybridization step was omitted.
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